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■■^'^. - ■ • DISCLAIMER - , . ■ : ■ 

■ . "*^ - , ' ■ ■ . . 

This repoxt was prepared by cons'ultants under con- -..,,, 
tract to the Air Resources Branch, Ontario' Ministry o^f the ^ 
Environment,. The views an,d findings expressed herein and the . 
quality and accuracy of the text are the sole responsibilities 
of the contractor.. Opinions and recommendations ■lexpiressed 
are those of the contractor and should not be construed to ; . 
represent policf of the' Ministry of the Environment or the _ 
Government of Ontario. Mention of .specific brand or trade 
names does not coinstitute an endorsement by the Government 
o.f Ontario, ' ' - ■'- ■ " ^ • 
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. ' '' ' The results of the appro'ved compliance test,^ con- . 
ducted in accordance with procedures establishisd with the. ■, ^,,j;-' 
Ontario Ministry of the EnvironiTient on an "ACE" M,odel ^ . ,= , 
2165-D grain dryer equipped with Behlen "Rotovac" particulate 
emission controls are summarized below-; ■ ■ ■ ' - ■ ' ■,..,■„ 

Total "Rotovac"" Emission Rate 1,81 + 0.03 Ib^/hr - . '•■ :\; 

Uncontrolled Emission Rate lO'l Ib^/hr 

imission Factors with Control 2.6 8 + 0'., 13 , Ib^/IOMOO bu dried com 

■^ • ^ ' ■ .0I..271 + 0.016 lb /lOOO Ib^K removed 

Emission Factor Without Control 148 Ib^/lOiOO bu dried corn 

O'Verall Enerfy Ifficiency 62 + 4% ,• , ■ , "r"''v--:i 

. ■■ .*■ 

Thermodynaiaic Drying. Ef f iciency . 63 + 3% . . 

It is recommended that a more comprehens.ive energy 
utilization study be conducted to help minimize fuel consumption 
since it represents more than 95% of grain drying energy costs. 
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... ■ ■ 1,. BACKGRO'IMD 

Ittis report outlines the .findings of the testing pro- 
gram, carried out under the terms of Purchase Order A6195 6 issued 
by the Ontario Ministry of the Environ,ment on S November 197 9. 

The initial objectives and scope of this progect were 

"reviewed md, defined at a m,eeting o.f the Source Sampling Working 

Comniittee. Grain Dryer Task Force held in. Chatham, Ontario on 2 4 

May 1979. Technical and fin..ancial re'cuirements and limitations 

were discussed by 

M,r. Don Chapman 
Chapm,an Farm. Equipment 
,545 Gr.an,d .Avenue East 
Chatham., Ontario N7L 3Z2 

Mr. Je,rom,e Zahorodney 

Dorssers Welding Company Limited 
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Dr.. LaiTi,bert Otten^ P.Eng,.- 
School of Engineering 
University of Guelph 
Guelph|. Ontario 

Mr. Ralph ,Brown 
School of .Engine:eri,ng 
'Oniversity of Guelph 
Guelph,, Ontario' 

Mr. John F. McDonald, P.Eng. 
Air Resources Branch 
Ministry of the Environment 
880 Bay Street, 4th Floor 
Toronto, Ontario M5S IZS 

pr. Carl C. St. Pierre^. P.-Eng.. 
Department of Chemical Engineering 
University of Windsor" 
Windsor, Ontario N9B .3P4 

Dr. Alex W, Gnyp, P.Eng. 
Departme,nt of Chemical Engineering 
University of Windsor 
Windsor, Ontario M9B 3P4 

i . . ■ 
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On the basis of the preliminary discussions ^ two altern- 
ate schemes for paxticulate codlection were designed for considera- 
tion by Dorss^ers Welding Company Limited, Chapman Farm Equipment 
and the Ontario Ministry o.f the Environment, Air Resources Branch, 
SO'Urce Assessment Unit, 

A second meeting was held in MoodstO'Ck ,, Ontario' on 14 

September IS-fS. Modifications to the original plans were suggested 

by various m»ibers O'f the group which inclu,ded 

Mr-. W. P, Suboch, P.Eng. 

Head, Food an, d FO' rest Unit 

Waste Management Br^anch 

M.inistry of the Environment 

135 St.. Clair Avenue West^ 2nd Floor 

Toronto, Ontario M,4V IP 5 

"• ■ Mr. C. H. leek 

Indnstrial Approvals Section 
Environmental Approvals Branch 
• ^ Ministry of the Environment 
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Mr,. V. Ozvacic, P. Eng. 
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•Torointo., Ontario ,M5S 1Z8 ^ • 

Mr. G„ C* Cridland 
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23 0'0 Yonge Street 

Toronto, Ontario M4P ,2X5i " 

M,r„ Roy Ellis 
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"■ Chatham, O'ntario . . 
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St,. Clair Grain, and Peeds 
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■Wallacebmrg/. Ontario' 



Mr. W, Dorssers 

DO'rssers Welding Company Limited ■ 

Industrial Avenue 

Blenhe"ii!i, Ontario NOP lAO.. 

M£,, D. S. Chapman 
Chapm,an Farm EqiiipTOent 
545 Grand Avenue East 
Chatham, Ontario N7L 3Z2 

Mr. Robert Hladki 
United Cooperatives of Ontario 
151 City Centre Drive 
Mississauga, Ontario LSI 1M7 
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London, Ontario M6A 4H4 

Dr. C- C. St. Pierre,, P.Eng, 
University of Windsor 

Mr. Ralph Clayton 

Ontario Ministry of Agriculture and Food 

Ri dg e t o wn, , Ontario 



A. Objective _ . [ '' ' 

The O'bjective of this investigation' was to dete,rmlne 
the total particulate matter emission rate from an "■ACE" Model 
2165-0 grain dryer equipped with Behlen "Rotovac" pollution 
qontrol equipment and to relate it to the operating parameters 
of the unit. The study was to be carried out on a new instal-- 
lation built by Dorssers Welding Company Limited for St. Clair 
Grain and Feeds in Newbury , Ontario. 

B , S cope " 

The testing program, included dete-rmlnation of 
.' i. Q , average voluraetric stack oas flow rate on 

a dry basis at reference conditions,,, ft /hr 






•■'■■■ ' ii. C , concentration O'f oarticulate matter in 

: .:^, - . stack gas on a dry basis at reference con-' 

3 

ditions, lb /ft 
m 

iii. ER I eraiesion rate of particulate matter from a ' 
• '- stack on a dry basis at reference conditions,,. 

Ib^/hr 
II 

iv* particle size distribution of partl^qulate mm;tter 

■ ' . \ in the effluent gases .. . ' -. 

V, volumetric flow rate O'f effluent gases fO'r each 
air filter unit ^ . . 

vi. temperature of ambient air 

•■■'.•. . - Yii, humidity of ambient air 

y ■ ■ viii. temperature of effluent gases 

' . ix. wind speed and, direction 

.' -, ■ :x. grain thro'ughput • ' ^ ■..■■■ 

' Mi* weight of filter-cy clone catch ~ . , 

■'■-■;'^' ■■ -.• 3ciit grain quality before drying _ ■.' 

{:' -:'"" H.iii, grain quality after drying _ .^ ■ 

"^^■--..r_ xiv. natural gas consumpti,on rate , - 

■-.;t', ^ ' s_xv, electrical power consi«iption 

' ;^-: - XV i, dryer temperatures at the 

. • / r - plenum, 

v- . . top' 

■■., •• ■ middle - ; ■■■ ' ■■'.■■ \ /' 

■■•■•' " • ■' cooling section o^verhead 

for three [3) complete tests,, carried out according tO' the Ontario' 
Ministry of the Environment Source Testing Code, on the dryer filter 
system. .. ., ' - 
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II. PRINCIPLES OF GHAIN DRYING 

The artificial drying of grain is a very ifflpO'rtant 
phase of ha.r'/esting because it helps to minimise lO'Sses due to 
spodlage during ■ storage » 

Because coiniTiercial grain dryers 'are sometimes located, 
near reisidential areas- their operation-s "be-come of concern tO' 
the Ontario Ministry O'f the Enviromnient,. Emissions of dust from 
grain dryers occur during loading, unloading, .an,d drying. The 
air pO'llution associated with loading and, unloading operations 
can be controlled through improved ho'usekeeping . Minimization - 
of particulate emissions during drying requires modification of the 
drying prO'Cess itself o^r installation of appropriate pollutiO'n con* 
trol equipment. 

The air pollution problems assO'Ciated with grain dryers 
in Ontario c-an be discussed in terms of 

i. the basic designs of commercial dryers 
„ ii, the types of grains that are hajidled 

iii, the necessity of grain drying. 

A. Commercial Grain Dryer Designs ' • - ' • 

Essentially, all co^mmercial dryer desi'gii.s provide for 
wet grain' t5 flO'W cont,inuously downward by gravity through per- 
forated or screen type grain columns. The drying zone,, which, is 
about the top two-thirds O'f the column,,, is heated with warm,_ air 
from the wa,rm air plenum.. The bottom thirds functioning as the 
cooling zone, receives 'an, air stream, from, the cool ,air plenum. 
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Drving rates are contrO'lled by regulating the grain flow thro^ugh 
the .columns with metering auger-s at the base of each column. Tem- 
per atiire sensing instrumentation in the grain column near the air 
exhaust side activates the metering augers. 

''\, ' The directions of air and grain flow inside the dryer 
define three basic dryer modes. Figure 1 illustrates the funda- 
mental diffBrences .among cro'ss flow^ concmrrent flow^ and cO'tiiitsr 
flow operations [1] . ; . 
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Cross Flow Uni ts [1] 
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Wi'th dryinf air flowing at right anglei to the flO'Winf 
it takes about 1/2 hour of residence tim© for the grain 
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PIGU'lE 1: - Directions of Grain .an,d Air Plow -in the fhfee Basic 
Type s O' f Comm,e r c i a 1 Grain Dr y e r s ' [ 1 ] 
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nearest 'the hO't air plenum to attain the temperature O'f the 
drying air. As a result,^- the grain close to the ho^u air plenum 
can be overdried if it is exposed, to hO't, dry, incoming ,a,ir for 
the entire drying period. On the ether hand, the grain on the 
oppO'Site side of the coliuiin, can. be underdried if exposed to 
only oool, moist exhaust air. To ■m.inimize such undesirable . 
gas-solid contacting, manufacturers usually provide one or two 
grain inverters in each co'lumn. These devices promote move- 
ment of grain from, the drying to the exhaust sides and from 
the exhaust to the drying sides of the column in an effort to 
ma-ximize uniform, water removal [2]... The essential features 
of a typical grain inverter are illustra,ted in Figure 2,' 



Groin Invert 







figure: 2: Diagrara o.f the Interior of a Grain Inverter [2 



Average grain and exhaust air temperatoras increase 
from the top to the bottoiTi of the drying zone of each unit. 
However, the average equilibriura moisture contaat, or lei/el 
to which the air could dry the grain, decreases from top to 
bottom, - ■ 

. " ■ ; ■ •''■ Thermal stresses that develop in the dried grain 
are relieved in the cooling zone, 

2 ., Concurrent Flow Units [ 1 ] 
./•.--'■„ -By dafi'^ign, both the drying air an,d grain flow in the 
dO'Wnward direction. As a result, the grain temperature is 
higher during the initial part of the drying period th^an with 
other contacting modes. Sdnce the wettest grain is contacted 
with the hottest drying air most of the moisture is rera,oved 
during thla initial drying stage. There is considerable cooling 
of the drying air as this moisture vapor iies. 

' The relative hum,idity of the air and the equilibriuffi 
laoisture content increase fr'Oii, top to bottom of tbft drying ion«. 
Since the drying air and grain attain the saina temperature 
rather 'quickly therra,al stresses in the grain are relieved during 
the drying phase itself. As a result stress cradking can be 
minimized by this appro;ach. 

''J- ' ' 

3. Counterflow Units [1] 

, '■'., ■■ •■ According to this design, drying air moves upward 

ag'ainst the downward flowing grain. Heat exchanf« 'Occurs along 
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the entire length of the drying-zone. This provides an es- 
sentially constaiit rate O'f moisture removal. The cooled ex- 
haust air leaves at about the wet bulb temperature of the incominf 
air while the dried grain is discharged at a teraperature slightly 
belo'W that of the incoming air. 

" ^"\ The counter flow drying principle yields the highest 
moisture removal per unit length of drying bed. 

B. . Varieties of Grain __R_e quiring Drying 

Almost all grains could require drying if delivered 
to storage facilities with excess moisture. However, corn _is 
probably the single species that always must be dried. Field 
run soybeans are alsO' go'od candidates for the drying process, 

.Sampling for particulate emissions from, uncontrolled 
dryers c,an be a fairly complex problem, Wh,en corn is dried 
the solid particle ©m,issions can be relatively large, but very 
light and hard to collect. Beeswings |. which are also known as 
Red-dog,^ are discharged as a light flaky material with specific 
gravity ^ of 0'.70 to 1,2. This thin waxy solid which holds the, 
corn kernel bo the cob normally falls from the kernels during 
drying ,and handling. In addition to the beeswings, the dust 
emitted during corn drying will, consist of hulls, cracked grain,,, 
weed seeds and field dirt. 

? Atmospheric emissions fr'Om uncontrolled dryers handling 
soybeans are O'ften highly visible because O'f the high field 
dust content. - „ '- • 
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C. Imnortaiice o f Corn Drying [31 :■ 

Cp'm must be dried before storage in order to lower 
the kernel moisture content below levels at which microbial 
action can occur at any appreciable rate. The quality of corn, 
is reduced by fungi or moulds because they 

i ., lower the dry weight of stored corn through 
digestion of dry matter 
ii, can produce mycotoxins that are dangerous 
when consigned by an,imal or humans 
"■ '■ iii, destroy oils and other org^anic'S in corn kernels 
^ iv, produce heat as a result of their activity, 

which helps to accelerate their reaction rate. 
. - ■ Experimental e'vidence shoe's that microbial activity 
is more dependent on the relative humidity of the aif between 
.grain kernels than, on the moisture content of the grain, itself. 
Wmt relat,ive humidities below 62% there is virtually no mould 
growth. Since grain mQisture content ^and relative humidity 
relationships are temperature dependent i it becomes necessary . 
to produoe kernels with deereasinf moisture contents as hig,her 
storage temperatures are anticipated. Table 1 lists the possible 
storage periods for corn of varying moisture contftnts that is 
aerated during storage and has been cleaned but. not blended. 

^ The quality of corn depends not only on storage timef. 
but also on the drying temperature and the rates' of drying and 
cooling... fhe standard of corn quality that must be achieved 
will be detenii.ined by the ultimate use of the G.ried grain.. 
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' Moisture Content 
% 


Storage Tim,© 


15 
14 

12 


HO'Vember to April (or less) 

i'' » .1 
November tO' June ' 

November to' late siunmfir 

i 

j One tO' several years 



TABLE li Reconimended Moisture Levels in Corn for 
Various Storage Times 13] 



1,, Uses of CO'Cn 

a. Animal Feed " „ 

According to Daynard [3-] ,, the" largest proportion of 
the artificially dried corn in Ontario is used for' livestock 
feed as a source of carbohydrates an,d basic .aminO' acids r in* 
eluding the important member, lysine,. Monofastric species such 
as fowl and swine depend on, the lysine in corn for protein syn- 
thesis because their systems cannot produce lysine. On the 
other hand cattle are less dependent on lysine in their food 
because rumen mlcroorf .anisnis help to synthesize this amino acid 
in the ruminant animal system. 



b. Industrial Pro-cesses 



i. wet_ Milling 



:: Figure 3 summarizes the basic principles of the wet 
Hilling process which is the basis of the starch and corn oil 
industries. ^ ^ . . _ . ; 
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FIGORE 3: Typical Wet Milling Flow Chart [4] 

Corn kernels , that hacvm been sof tenM by soaking 
foT' 35-40 hours in wecti water, aire coarse milled in order to 
separate the oily germ from, the hulls and endO'SperTxi, '■Bonsisting 
o^f starch .and gluten. Fine milling of the dege'rTninated mater- 
ial helps to release boun.d starch and gluten. Afte.r separation 
from, the hulls and fine fibres which are used as animal feed, 
the starch and gluten fraction is centrifuged tO' yield starch 
which is washed and," dried fo.r sale or converted to suf ars and 
syrups, .. ' " ' -^ 
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Experience shows that naturally aried, well matured 
corn provides the highest yield of starch [5], " \ , 

w =■ 

•^ ' ,. ■ ■ 'in 

ii. Dry Milling ' . ' - , 

The dry m,illing process is used for the prO'duction _ 
of grit and meal, , ■ ,". _ 

'■ lii. Distilling ^ - ' ^ 

Corn is one of the principal grains used in fermenta'- 

tion processes for the ii,anuf acture of distillers alcoholic 
products ,, ■ . -'^ ' 

i 

2 ,,: Dependence, off Co.rn__Quality on Drying Parameters ' 

The upper limit of the drying temperature depends 
on the intended use of the com being dried. '^ • 

a. Animal Feed ." ■ 

Experjjnental evidence [3] indicates that kernel tem- 
peratmres above IQQ'^F can affect the nutritional value of corn 
becamse the iniport.ant amino acid,, lysine,, begins to complex: 
with sugar molecules tO' produce organic species that cannot 
be. digested ■by domestic animals. This binding app^ears to be 
more serious with high moisture co:m ( 30-35%) than with inter- 
mediate moisture corn (2 0-25 I ) being dried. HQwever , kernels 
with 25% noistmre content can be subjected to temperatures as 
high as 25 0'*F without loss of nutritional value if used as feed 
for beef .an,d dairy cattle [3], 
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Exposure to excessive drying temperatures ,^ . which re- 
duce protein availability, can be recognized from the brown 
discoloration of the kernels which results from sugar Ga,rmel- 
ization and sugar-' lysine compleKing l[3]« 

11 
b. Wet Milling 

The wet milling prQcess is basically a separation, of 
corn kernels into their pro'tein 'an,d carbohydrate comiponentB . 
If- kernel temperatures: exceed the 140'-160i*'r ranjge , starches 
gelatinize and also undergo physical binding processes with 
protein molecules. As a result separation of the starch and 
protein fractions becpm,es ¥ery difficult, 

Ci. Dry Milling 

Artificial drying of corn can create such high temper- 
ature and moisture gradients in the kernels, that internal fractur- 
ing. can ooctjr. Candling of individual kernels " under an intense 
light c-an, show stress cracks that are indicative of single,,, 
miiltip,le .and checked fractures [4],., Stress cracked kernels 
ca,n disintegrate into several siia,ll pieces very readily during 
subseque,nt han,dling., Conse'quently , stress cracked co-,rn is not 
good for dry milling where the efficiency depends on the avail- 
ability of whole kernels for the production of large grits. 

Research studies have shown: that it is almost ,impos- 
sible to produce stress-free corn during artificial drying if 
kernel tem,peratures exceed lOO'F. The critical drying period 



jtoa^^i^Attf^a^- ,. 
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appears to be iduriiig miO'istiare reduction froni. 13 to 15 percent. 
If coO'ler temperatyrss during this interv:al cs.n be achie\fed, 
with two stage or co'iicurrent flow techniques stress craqking 
can be minimiied. Regulation of cooling rates after drying 
also can help to reduce s^tress cracking. Dryeration,, which is 
drying with heated air to 16-18%^ moisture only, h&s been recQffi- 
mended as a me.aii.s O'f redTjcing stress cracking in corn to be 
used industrially, 

d. Distilling 

In order to minimize the decrease in' alcohol yield 
due to the gelatinization of starch and its bdnding with pro- 
tein materials, corn, kernels should not be exposed to tempera- 
tures exceeding the 140-16 0i°F r.an,ge in cross flow dryers.' In 
concurrent .flow units with dryeration higher" air ■tempsratures 
can be; tolerated without significant reduction in alcohol yield. 

-' " ■ Table 2 lists reconuriended temperatures for cross 
flow dryers producing corn for specific uses or with desirable 
quality standards. Higher temperatures may be used safely with 
other drytof air-grain, co,ntacting modes [3].. 



:mmm^-^m: 



Grain Use o^r Quality 



Animal Feed 

Beef and Dairy Cattle 
Poultry an.d Swine 



Industrial Processing 

Avoid starch-protein 
binding 

Min iiTil ze s tres s -cracking 

without dryeratiQn 
w i th dr y e r a t i on * 



Maintain Viability 
(genTii.nation) 



Maximum Drying Teinperature 



25 OT (25% maisture) 
200*F 



140-160' 



100' -12 
160-200 



12 0-140 



♦Drying with heated air to 16-18% mO'istUre, onlf 



TABiE 2: M.aximum 'CrO'SS Plow Dryer Temperatures for 
Corn Meeting Specific Market or Quality 
^ ■ Standard Reguirem'entg |3] 
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III. PRO'G'RAM DE-.'2'L0'?'M2NJ 

The sampling o^f grain, dryers has been dis cussed 
in, OntaxiO' since early 19'77. No seriO'Us " attempts were made to 
carry out any on-site programs because of the difficulties pre- 
sen ted by the designs of the ejchaust sy steins of .these up its. The 
extensive areas # emitting gases at very low velocities,, high 
abo^ve gxo'und level,,. ra,ake representative sampling very difficult 
if not almost impO'Ssible. ^ " ■■ 

Di,s cuss ions with 

i, M„ Fallon .and T. Leeson 

Fallon Welding an,d Man:uf acturing 

M. R. II ' . ■ - " 

Charing Cro-ss, Ontario . ''^ 

ii. W, Dorssers and J. Zahorodn,ey 

■ Dorssers Welding Corapany Limited, 
Industrial Avenue 
• • :Blenhe,i,m,, Ontario NOP lAO 

emphasiied the design ^and operiating limitations th,at wculd have " 

to. be incorporated into any proposed sampling strategy. 

On-site inspections of a ■ 

4* Fallon Model 15 grain dryer to be equipped 

with a Dustell automatic fabric filter system 

. ,at the R,als ton -Purina Company of Can, ad, a Limited ' 

facility in Woods to cki OntariO' 

ii. rallon grain dryer operated by Yantzi Feed and 

Grain I Tavistock, On,tario 
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pro-vided the basis for the design of a realistic sampling pico- 
gram xox conventionally operated grain, dryers. 

The construction of a DO'rssers Welding Company, Limited 
"ACE" Model 2165-D .grain dryer for St. Clair Grain and Feeds 
at Newbury, Ontario pres^ented an opportunity to sainp.le a unit 
that was equipped with Behlen "Rotovac" exhaust air cleaning 
system ■ lO'Cated at a reasonably con.venie:nt height., 

A.« Description of "ACE" Model 2165-D D:ryer [6] . , 

Figure 4 illu,strates the basic design of the ",ACE" 
iM,odel 2165-D dryer, equipped with a Behlen "■Rotovac" e,xhaus.t 
air cleaning system, as built by Dorssers Welding Company 
Limited for the St. Clair Grain and ■Feeds facility at Newbury, 
Ontario. This is, essentially, a' cross flow unit with dual 
columns that are 6 5 feet high, 21 feet lo.ng and 1 foot wide, ■ 
The upper 4 7 feet serve as the heating zone. Cooling of the 
grain .occurs .in the lower 18 foot s.ectio.n. 

Heating 'and cooling air is provided by a single, 
Dorssers Centrifugal 660-A fan driven by a 150' HP,, .550i volt- 
3 phase, motor. Temperature sensing ele.ments were located on 
the exhaust side of one grain co.lunin at 10, 3 and 50.foot^^ 
distances fr'Om. the top of the cQlunm, 

A single grain inverte.r was p.rovided in e.ac.h grain 
colunm about .20 feet frcm the upper end. 

Table 3 lists other Dertinent features of this unit. 



iMtJAjS^mj-^-Mi -Bf.^^- jAJi iJ.-. ,»... .,..„.. , .«.. . . , .«.^,».^ _,' , .■.Ai„j"-a......^.,.,.,.,fa^..vi.^^^^^fa;' .^ .-.-, 



•''■^'-'^^f^^Wf^^W^^^^^^^^^'^^W^P 



BAKED ENAMEL 
FINISHED SOLID 
SIDING 



Q'RAIN! INVERTER 



P!F€ TO FILL "ELEVATOR 



_-. GHAIM ■OISThIBUTER 



SEPARATION. 

DEVICE 
t CLOSEO DURING 
TEST IMG ) 



'GRAIN 
FLOWMETIR 




GALVANIZED SHEET ' 

METAL ( 7/64 ■" HOLE _ SIZE) 
(47%, OP'EN AREA) 



DUAL SRAIN' CO-UiMNIS 
ir" X 21' X 65' 



ROTOVAC 
AI'R FILTERS 



EXHAUST HOUSIiNG 
COOLING AIR PLENUMi^ 
AiR TO FAN 
GRAIN FLOW 

AIR FLOW 
^ DRYING AJR PLENUM ._ 

UNLOADING AUGER ^ 
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Throughput 
Mibiant TemparaturS 
Temperature Lift 
Drvin,c Teinperiatura 
Gar*/er 3in' Capacity 
Keating Co'lurrm CaBacity 
Cooliai Column Capacit-Y 

Screan Cha.rsc*eri sties 

Panel Size "" ■ 
Weight ' „ <■■" „^ « 
Sole Size 
■■■ Open Area Fraction 
Corrosion irotectioft 

?a r- Charactftristic_8_ 

Numb^er 
- _ ■ 'Type 

Bifflieter 
. E.P'.M. 
H,©tor' Size 
CaDacity CEeating) 
Air to froduct RaciO' [Heating; 
Capacity £or Coo'ling 
Mr to Product B*tio for 
• _ C3olin.g ,-r^ 

B-mer Characteristics 

'■■ Mumber 
■ 'TFpe 

Capacity 

gr-./er Char acta ri sties 

! Ncmiaal Operating Temperature ^ ' 
' . Dryer Efficiiency 

Fuel Heating Valu« 

F'uel 

Recirculation 

^ Cooling Mr Reicir^ciilated 
Burner Co ntrol Chajaeterlstica 

Ignition System 
Thermo'Stata _ ^- 

- - Th.enii.0s ''tat Loieati.O:|| 

Temo'erature 'M.on.it.or Characteristigs 

. 'Type 
Nuaiber 
Loi.c.a.ticri 

Fl' ov Cantrol Charaeteristigm 
Metering 



Total Slgetrical Pg'wer (Dryer Or.lyj 



1000' bn.zs 
TQ'«'T 
14 0"='F 
210.^T 
300 su 

ifao' "m 

5 04 bu. 



36" K 120i" X I'i Gauge 
37 1^ '. 

7/64 in. 

0.47 . •■ 

Gaivanised 



Diorssers Centrii'^fal SfiO'-A 
6S in.. 

§14 

1 g gj J' . p _ 

i74',720'c.£,ii, I 10'«F,2'"W.?, 
104 c. f ..a./fatt' 
S5,OO'0 e.,i..ii* 
1.09, c.,i.m,,/hm 



M.a3C0n HP-l-3'6-B .AiSflO' 
35,, 0Q'0i,O'O"'O'' B...T.O./te 



llD'*r 

II'SG .B.T.D.*/lbjj^w'&te;r reiaoved ; 

lOCO' B,T.D./ft'3 ■ 

Satar*.! Gas - ^^' 
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Hott'efwell 

1 

In Heating Pieciaa 



Honeywell 

1 

IB He.ating Plenimt. 



Slee'tricai «o4tt,la;ting 'ifalve 
MaxaR ""C"/" valve Cs'imected 
to Hon ewe 11 M-occr 

ISO^ - 2 ^ J ^'^• 
a lower: 13 H , :? . 
Screw Co'inve'vori 2. H.,?. 

2 
.Hetsririq Rolls i ^-vH.?. 
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B. Description of Bahlen "Rotovac" System [8] 

The' "ACE" dryer in Newbury, Ontario is the first -unit ,. 
to. be equipped with a Behlen "Ro^tovac" pollurior. control systsit. 
Figures 5 and 6 illustrate the basic principles o^f the "Rotovac" 
iastallation associated with the. "ACE" Model 2165-D grain dryer ^ 
built fO'r St, Clair Grain, -an^ Feeds. ...« ' ' ' " 

The "Rotovac''"" system provides a modular approach to 
control of the particulate matter in grain dryer emissions. 
Particulate laden air from the dryer exhaust housing is directed 
onto the outer surfaces of 6 rotating filter cages turning at 
2 r.p.m. Solid material is collected on 62 mesh polyester 
screening,, Vacuum noz,z;les, spanning the length of each rotati,ng 
drum^ cont,inuously remove Beeswings and other solids from the 
filter surfaces. The scavenged m-aterials are collected in high 
efficiency cyclones as waste to be removed to a landfill site. 
The ele.wied dryer exhaust, ga.ses are discharged, to the atmcsphere 
t,hrough front and rear exhaust louvres on each side of the dryer 

T,a,ble 4 summarizes the pertinent features of a typical 
"Rotovac" module. ^ ■ " " ■ ' ■ ' ■ 

C , Modifications Required for S.amplinq Program 
,|g Initial Proposal 

Figures 7 and 8 illustrate the initially proposed 
modification to the Model 216 5~D dryer = Behlen "'Hotovac" 
system for smpling purposes. This approach called for-' the 
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FIGURE 6: Typical *'Roitovac"' Installation [81 
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TRANSITION 
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FIGUte 7: Side View of Dryer witli Propoeei Sampling Mianifoli 
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ROTARY FILTERS 
"€ BiQl'P 



EX!HiaUST LOUVERS'' 



-SUCTION HEAD'S 
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^21' % m' ^ 12" 



iURNlB: DiUCTWOR'K. 



OUAL SIZE 15 - IS HP 
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FIGORE 8: Plan View o£ Dryer' with Proposed Sampling 

M,an,ifold 
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Drum, Size 
Drum, Speed 
Cloth Type 

Air F low/Mo dule 

Vacuum Flow/Modu,,l,e 

M.r/C,loith Ratio 

Fail Capacity /Mo dule 

Drtam Drive (Main) 

Drum Drive (SecO'ndary) 

Pressure ,Drop ,A,cross 
Drmri 



6Q in, di^ameter x.4,8 in, length 

2 r , p . m , " '' * 

€,2 mesh polye;,ster screen 
(2 7 raicroii) 

2 0' , Qi e , f . m . ' . 

1250 c.f.m. § 16 in. W.P. 

3,3 0' c.f.m,/ft'^' 

1250 c.f.m,, i 16 in. W.P, 

,2 H,P. redueer and in,0'tor 

rO'lle,r ch.a,in from .main 

ii-Js in,, W.P. " 



. .„.T.^I£ .. 4". "RotO'Vac" Module Specifications [81 

blanking of all exhaust louvres o,n both front ends -and one 
rB,ar end of the "Rotovac" air filters .and attaching a portable 
manifold, over the remaining three open, ,rear e;K.h.aiJ,.st louvres. 
A crane would move the sampli.ng m,anifold, from, one side of the 
dryer to the other for' C:om,pl€:t,ion of o,n,e test, 

A complete test would have involved parti culate s^ample 
collection from two sides of the dryer using a total of 4 8 
points alo^ng 2" perpendicular traverses i.n the vertical stac'k 
section through which ex,haust g.ases wo^uld flow in a downward ^^ 
,direction. 
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During the meeting of 2 4 May 19 7 9 there was concern 
expressed that considerable prelimin:ary v/ork would ba required 
tO' insure a balanced dryer operation. 'It was . felt that resist'ance 
to gas flow cO'Uld be altered by the presence of the manifold on 
only one side of the system during testing,. In addition, this 
approach required heavy financial commi'tments for standby man- 
power .aiid mechanical equipment to move the man,ifold from one 
side of the dryer to the other during on-site testing periods, 

IB 

2* ■ AGCeptable___|todification 

Considerations of balanced dryer operation during sampling 
dictated that identical .modifications should be made to both sides 
of the dryer. The desired conditions were achieved by blanking 
all 3 front or all 3 back louvres on alternate sides of the 
dryer and attachin.g a 4 foot length of 3 foot x 3 foot horizontal 
ducting -to each of the open exhaust filter louvres at the rear 
^d front of the dryer respectively. Figures 9 an,d 10 illustrate 
the arran.gement O'f sampling duct extensions and specifications 
for flow straigbteners that were installed inside each extension. 
The design of the horizontal s^ampling exteneions represented a 
balance between costs O'f fabrication and, erection of the compon- 
ents and compliance with the Ontario Source Testing Code [9]. 

According to this approach a complete test would in- 
volve particulate s^ample collection from the 6 horizontal ducts 
mO'Unted on 2 sides of the dryer. Installation O'f the egg-crate 
flow straighteners in each sampling duct extension provided 
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6 ROTO VAC 
AIR FILTERS 
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note:: Blank all three front 
or all three back 
louvres on alternate 
sides according tO' 
Siampling te^am space, 
reqiiiremerits . 
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FIGURE 9 I Front View of Dryer 
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SAMPLING PORTS ^ 

4*^ SHEET METAL DUCT 6" LOWS r^ow STRAIGHTENER 

MUST BE SEALED WHEIj NOT 
IN USE 
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SAMPUJN6. POIMTS 
» PER FILTER DRUM UNIT 
TOTALS' 54 PER SIDE ' - 

lOi ENTIRE GflAlNl DRYER 



ELEVATION 



FRONT 



SAMPLINi OUCTS &m PER • ROTOVAC AliR fILTER 6 TOTAL 

SCALE ^B" - I FOOT 
FIGU'RE 10: Specif icatdons fo'r Sampling Duct Extensions 
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convenieiit 1 ft ' s,ainpliiig areas in which 2 sampling points 
were spaced at 4 inch interVials as ilius-cratied in figure 10, 
A total of 10 8 sampling points would insure representative 

s^nple collection. The lO'Cations of the sampling points in 
the extensions I essentially 2 equivalent diameters upstream 
an,d downstream, of flow disturbances, should provide for repr©-- 
sentative sample acguisitlott because 

i. sampling would be downstreaifi of a' converging 
_'■ .- seotion •■._;- 

r .' i£, flow straighteners would be installed in each 

<■ ' duct ■'•::' . ' „ ^ ■ 

-■'''' iii* the partiGle size distribution after control 

:;'■-'. ■ ^ ftfmipra,ent should help to minimize m,aldistribu- 

' ' ■ ' tion of the solid emissions. 
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IV. ■ THE TESflNG PR0GRA14 

Figures 11 'and 12 illus.tr ate the relative locatioins 
0f bl^anked ©xhrnst louvres with respect -to sampling duct, ex- 
ten si on is as viewed from, the front '.and rear of the dryex 
respectively. 
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FIGO'RE 11: Front View of Modified Dryer Installation 
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■ riGURE: 12: Rear View of Modified Dryer Install a tio'n 

Details of the sampling duct extensions have been 
provided in Fi'gure 10., 
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%, p re 1 im i n a r y_ _ P r o- ce du res 
1, O'n-Site Inspection 

A personal inspection of the physical eharacteristics 
of the dryer installation was conducted on 19 O'Ctober 1979 to 
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-l*/' "Check O'Ut instrumentation foe measuring pre- 
vail ing wiai spe.fi dg and directions 
ii. ■" assess the Ideation of scaffolding in terras of 
.s.aittpling needs . • ^ 
iii. design an adapter fox the sampling ports 
iv.„ speciff location of electrical power outlets 
V. finaliz© grain sample acquisition strategy 
for St. Clair Grain and Feed personnel 
vi. finalize gas meter and electrical power data 
■ , acquisition strategy for St.. Clair Grain and 
Feed personnel _ . . 
vii, arrange for ele^an roo,ra^ facilities for on-site 
Siample recovery and samp'ling train component' 
replacement 
viii, measure pertinent dimensions at the three metal 

sampling platform,s on the east elevator structure 
"■:'■ for the design of a probe holder .and suppO'rt for 
the impinger case-, 
'ix. perfQ,rm prelimina'ry velocity traverses with and 
without egg*crate flow straighteners in the 
sampling duct extensions. 



.2. , Preliminary _Surye_y 

On the basis of the preliminary velocity traverses 
J" 

carried out with and without the egg-crate flow straighteners 
in the sampling duct extensions, recommendations were made for 
the installation of flow straifhteners in all six sampling duct 
extensions. _ - '■. -'• ' " "' „ ,"■■■.'. 
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A p'reliminary smrvey was carried O'Ut or* 2 4 October 

1979 to assesiS 

i . the positioining of scaf folding 

ii,., the suitability of the sampling port .adapter • 

iii* the probe support sy stein 

t. 

iv. the impinger cas's suppo^rt system ' ^ 

V. the moisture cO'iitent of exhaust gases 
vi. the veloicity distributions in .another sampling 
d:iic-t extension fitted with an, egg-crate flow 
stfaigfitene:r. 

,1 . Compliance 'Testing 

: The design of the sampling strategy was based on meet- 
ing O'ntario Ministry of the Environment Compliance 'Test reiguire- 
ments. All tests were carried out according to the Ontario 
Sottr-c© Testing Code procediireB [9] Qxcept for the number and = 
lO' eat ion of sampling points which were establish«i in. con-' 
sultatiO'n with Ministry of the ■Environment personnel. 

.1 . Ins truTien tafcion 

The s,ampling train emploYed for solid particulate 
matter acquisition was m,an;uf actured by the Western trecipiita- 
tion Division of Joy M.anu,f acturing and sold under the trade 
Bfflie "ifflisslon 'Parameter An,aly2er"., The components O'f this 
iystem are repreS'ented schem:atically in Figure 13. This model 
^ is approved by the Ministry of the Environment , PrO'Vince of 
Ontario^ ^and the U. S. Environmental Protection Agency. 
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In order to insure accurate measurements with the 
sampling train, the S=type pi tot tube-sampliaf nozzle combina- 
tion, orifice rate meter and dry total gas meter were calibrated 
according to stiandard procedures [10] . The calibration data are 
listed in Appendix I. ■ 

./■; ■• >• Bacause of the lO'W gas velocities encountered during ^^ 
the preliminary survey the Magnehelic pressure gauge associated #' 
with the S-type pitot tube was replaced with an, inclined manometer. 

2 . N'uinber and LO' cat ion of S^aropling PointB ■■ _,-^ 

^ all velocity -and particulate matter loading , evaluations ' j 

were n^ade from data collected at 6 points along each of 3 vertical- | 

■ i 

' Iv stacked traverses in each of the 6 sanapling duct eKtaniSio.ns. 

Figure 14 illustrates the code established for id-entiffinf the . '^ 

10 8 sampling points used for data acquisition. The relative ■; 

' locations of the 9 sampling ports on the 3 sampling duct e,x- ^ j 

tensions at the rear of the dryer are shown in Figure 15. ^ )■ 

'A 
4 

' " * "i 

3„ S^ampling Time' Per Point an,d G_as S^ample Vol'ume ^ ■,.] 

"'^''"' S^aitipling times of 2% minutes per point for solid .; 

particulate m,atter loading determinations were selected to ,. 

provide sufficient m,aterial for weighing purposes. Gas sample j 

volumes corresponded to appro xim^ately 110 cubic feet for each ,--j 
loading test. 



t^tt^^^- 



^^mmi^^m^^^^WW^'^rfP^ 




NOTE 

AIR FLOW F30M 

ROT Qi VAC fil:ter.s 
A, a i c IS 

TOi FRONT Of 
DRYER 



AIR FLOW FHOM 
ROTOVAC FILTERS 




BT 

BB 



D, E a F IS 
TO . SACK OF 


^ 


-^ 


^ 


DHYER 


1 Z 


z. 


5 6 










FRO'NT OF 
DRYER 















CT 
CM, 

Ci 



FIGU'RE 14: Identification of Indiif-i-dual" S, amp ling Podnts 
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4 , MO' d.e of T r ave r s i jig- ' 

The cujualative sampling te'Chnique was employed for 
solid particulate acquisition from th,e 108 s^ainpling points. 
Each test co'mmenced with Siampling at point ATI in the top 
s^ampling duct extension at the front of the dryer and ende'd 
at point FB6 in the bottom sampling duct escbwision at the rear 
o^f the unit. 











FIC;U"RE 15: Relative Location of Sampling Ports at Rear of 
Dryer 
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5 . Siainple Recovery 

After s^aitipling a set O'f 3- duct extensiO'ns at the 
front or back of the dryer, the contents of the first 3 impiRgers 
were emptied and washed into polyethylen,e bottles which were 
sealed until sample analysis in Windso^ri Ontario, 

The nO'Zzle, probe and cvclone catches were also col- 
lected in polyethylene bottles fo^r subsequent analysis in, 
Windsor. The used filter assemblies were simply replaced with 
clean units* Filter recovery was accomplished in the Windsor, 
Ontario' laboratory. 

6. Liaison with Ministry of the Environment 

The design, of the sampling duct extensions and lo- 
cation .and number oif sampling points were reviewed .and authorized 
by 

, Mr. J, McDonald,, ,P,.E,ng. 
Mr, ¥'. O'Zvacic, P.Eng. 
Source I,ssessaent Unit 
Air Resoiurces Bx^ancih 
Ministry of the ,Environment 
SSO' Bnay Street, 4th Floor 
Toronto' I Ontario M5S ,1Z8 

befora tlie sampling strategy was finalized. 

During the sampling program personal inspections 

were conducted by 

i. Mr. W. P. Suboch, P.Eng. 
Head, Food ..and Forest Unit 
Waste Managofient Branch 
.Ministry of the Environm.ent 
1.3 5 St.. Clair Avenue West, 2nd. Floor 
Toronto, Ontario M4V 1P5 
(Friday, 26 O'Ctobar 197S) 



m 



; li.. Mr. J, T. Manuel, P.Sng, 
District Officer 
In.du s tr i a 1 Ab a teraen t 
^SO'Uthwestem RegiO'n 
Ministry of the Environment 
9SS -Melaide Street, So^u/th 
London, Ontaxlo S6E 1V3 ' ,- 

(Saturday, 2 7 O'Ctober 1979) .-.,<.. 

iii. ' Mr. 0. Wlgle, P.Eng. 

Senior EnvlrO'mTi,ental O'fficer 

.^ SoiUthwe stern Region - .. . ^^ 

Ministry of the Environment. 
9 85 Adelaide Street, South 
London,- Ontario N6E 1V3 
(Friday, 2 November 1979} 

iv. Mr, R, B:enjaji,in 

Environmental Pro'tection Servics 

Enviroinm,ent C'an,ada 

Ottawa^ Ontario 
- •' (Friday r 2 November 19'79) 
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V. RESULTS 



Raw test data .and pertinent calculatiO'ns are provided 
in Appeiidix II,_ ^ . 

A . Preliminary Survey Testing 

Tables 5' .an,d 6 summarize the preliminary velocity 
data obtained from two different s^ampling duct extensions. 
E3C tens ion A was ©'guipped with egg -crate flO'W straighteners* 
The absence oJ' flow straighteners in sainpling duct extension B 
provided a means of evaluating the effectiveness Oif these de- 
vices in tenms O'f their ability to improve velocity profiles 
in the regions of the s.ampling podnts. 

Table 7 illustrates the velO'City distributions in 
Siampling duct extension C without flow straighteners when the 
plant was' operating under normal, conditions.. The effect of 
iiitroducing the egg-crate flow straighteners, intO' extension C 
is' shown in Table 8. _■■ 

B. Comp 1 i .aji ce. TeS: t ing'_ 

Table 9 summariges the results of 3 compl lance teste. 
The data were .an.aly2ed to show 

i., the volumetric flow rate 
ii. the moisture content 
iii, the emission rate 
for each filter module.. - _ " 
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C, Evaluation of Dryer Efficiency 

Table 10 illustrates the total sne.rgy Gcnsum.ptio.n 
rates during each o^f the 3 compliance tests. These results 
are based on an average natural gas heating 'value of 
lO'OO Btu/f t' ' at 14.65 osia .and 60'^T. Personnel froii Union 
Gas Limited confirmed that this was_ a representative figure 
fo-r the Newbury,. Ontario region [11,,^ 12],., 

Corn drying par.aineters are summarized in Table 11, 
The initi.al and final moisture contents repxesent average 
values obtained .from on-adt©' determinations by St.' Clair 
Grain: and feeds personnel .and data supplied by Agriculture 
Canada, Canadian Grain Commision Inspection Division for 
rando.ni s.smple.s submitted by St. ' Clair Grain and Feeds... 

Overall energy efficiencies, OE , are listed in 
Tafaile; 1.2 • ' ^ ' 

Tab'le 1.3 surnm arizes the thenTi,odynamic drying 
aJficiencies,, DE # for the 3 compliance tests/ The drying 
efficiency,, Dl , repres^its the ratio of the actual rate of 
wate.;r rsmoval from the com, to the majcimuTO attainable if the 
air left the dryer at saturation conditions (1.. e. IQiO'l 
relative humidity) . 

D . Ee.hlen. "Rotovac" System Per form an ce 

The particulate collection capabilities of the 
Behlen "Rotovac" system, .are illustrated in. Table 14. 
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lABLE 13: 'TherTmodyn'ami'C: Drying Ef f.icienci'es 
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TABLE 14 1 Performance Characteristics O'f ■ Behlen; "B,oto¥ac"' 
Particulate Collection Systeni -_ . . ^ 
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Particle size distributions of the sodid emissiO'ns ircni the 
exhaust louvres are provided by 'Table 15. The reeaincer of 
the sample ("74, .4,,, 59.1 and 94.2% fcr Tests 1,- 2 and 3 respect- 
ively) was captiired in, the nozzle and front and of the Andersen 
impactor which was arranged as illustrated in Figure 16. 

The m,oisture levels o^f the gases leaving the exhaust 
louvres • are compared to saturation, con,ditions in Table 16. 
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TABXjE 16:- M'O'isture Levels of Exhaust Gases in the Sampling 
Duct .Extan.si'0':ns 



y^' ' ■- VI. DISCUSSION OF P^SULTS 

A . Preliminary Survey Testing 

■7-.,.. An exKiii.nation of Tables 5, 6, 7 and 8 indicates that 

there were significant velocity differences in the vertical 

diraction in the sampling duct extensions as recorded at the 

T, M and B elevations. Without flow straighteners there were 

points in the top sections^ T| of the extensions where zero or 

negative velO'City readings were obtained* Use O'f the egg-crate 

flow straighteners eliminated the dead space and reversed flow 

regions. The improveraient in the velo-city profiles at each 

elevation of s^ampling duct C is shown,, in Tables 7 ■an,d 8 in teriTi,s 

of the comparison between the ,st.andard deviatio,ns from the mean 

values of U ^ /U at the T, M and B levels. The use of 
'- "Local "average 

the egg-orate flow straighteners produced essentially uniforin 
velocity profiles at each el,evation, , which facilitated repre- 
s-entative saii,ple collect,i,on. 

,B . C O'mp 1 i an ce Testing .. •- ' 

Table 9 illustrates t,he perfoniance O'f an "e^nviron- 

mentally clean" grain dry,i,nf operation,. The particulate era.is- 

sion rate of 1.81 + 0.0' 3 lb /h,r corresponds to the effluent from 

— m' 

t,he dryer itself, based on ,3 co,in,plete particulate loading de- 
terminations. The e„mission rate, f rem" t,he overall operation 
would not be expected, to exceed this level to any slgnif i,G.Kit 
extent. Although the exhausts from t,he high effi,Giency cyclones 
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^ collecting particulate matter from, the "Rotovac" filter surfaces 
:: were not sampled, visual observations suggested negligible oar- 
■• ticulate loadings in these exit etraam,s . Several independent 
con formations of low particulate emissions from, the high ef- . 
"ficiency CYclones were provided by participar.ts at the Technical 
Committee of the Ontario Grain .and Feed Dealers meeting held at 
the University of Windsor on 8. February 19 80 [14, 15]. 

The sampling ■strategy had been designed to provide 
particulate emission rate data for each side of the dryer. Since 
there was no^ consistent pattern to the differences in 
i„ particulate emission rates 
■■ " ii. temperatures 

iii. h"umidities " - ' 
■ found at the two sides of the dryer it would appear that the 
drying operatAon had not been unbalanced by the" s^ampling ■ . 
modifications, - 

The relatively good agreement between effluent gas 
humidities obtained from the condansation technigue , which pro- 
vided integrated saiples over 45 minute periods,, and the wet 
and dry bulb temp^eratures , which were obtained over 3 to 5 minute 
measuring intervals, suggests that the grain dryer operated at 
= essentially a const.aiit moisture removal rate during each test. 

1, Emission Factors 
« 

■ I The results of this testing program provide emission 
factors that will tie useful for future design .and complian,ce 
purpo'ses. Table 17 shows that for the "ACE" Model 2165-D dryer 
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T'AILI 17: Emission Factor's for *'ACE" Model 2165-D Dryer Equipped 
With Biehlen "RotO'Vac" Control System 
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equipped with a B^ehlen "Rotovac"' .exhaust air cleariinc systeni^. 
particulate 'emissioft rates from the exhaust louvres, based on 
(lb particu,lata) /(lOOO^ bu O'f dried corn} and (lb particulate.)/ 
(1000' lb H,,,0' reiTioved) are 2.6 8 + 0.13 aii,d 0.271 + .016 respectivslY 



2 , CoroparisQ'n o^f De.sign and Actual Dryer Characte.risticsi 
During the testing program the "ACE" Model 2165~D 
dryer operated at an average th..roughput of 68 4 bu/hr. T'his 
represents 68.4% of desig,n capacity based on #2 corn at 15% m,ois- 
ture riemoval. Although the te:Sit,iiig period was designed to coincide 
with the peak of the drying season inclement weather conditions 
harnpered grain deliveries tO' the drying facility. Consequently,,, 
there were intervals whe.n ■'■■the dryer was operated belov/ rated 
capacity during each compliance test,, 

- D.ryer capacity tests ^ carried out by St, Clair Grain 
' and Feeds personnel, after the compliance sampling program, 
showed that throughputs exceeding 115 bu/hr could be attained 
with feed corn containing 241 to 26% moisture [16] . 

The volumetric flO'W rates raaasured during each com- 
plian.ce test ranged .from 63,000' to 7 0,0 00 scfm. .. assuming neglig- 
ible leakage through the dryer hous,ing and blanked exhaust louvre.s , 
but including the gas vo'larties required for cle.aning the filter 
screens, Aceording to the £.an curves supplied by Dorssers Welding 
Company Limited [17] a volumetric flow rate of 174,720 scfra at 
70'-P an,d 2 ,in , W',P,. is expected. Since the actual flow was less 
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than 5 0% of the design value it would appear from an exaniination 
of the fan cm,rves that the total pressure drop experienced by 
the fan, was o^£ the order of 6 to 7 in. W.P. Dorssers ![18] 
reported that static pressures measured at the fan. discharge 
\raried from, 2k to 2 578 in W.P. This ran,ge of values suggests, 
that the resistance to flo^w at the suction '■side of the fan. could 
be equ,ivalent to 4 in. W.P. Such a possibility wms con firmed ,by 
Dorssers [18] . 

Apparently, the area o.xifina,lly provided for ambient 
air flow directly into the fan was insufficient. Consequently ^ 
during the complianGe s aiT!,p ling .prog r ■am much mora thaii' the design 
ir'oium.e . of ambient air was drawi th,rou,gh the coQli,ng Bection , 
of the dryer,. The pressure drop through the intake; louvres aji,d: . 
grain column in the coGling section would have been sufficient 
to^ reduce the perform.an,ce capabilities of the fa.n below the fan 
curve ,ratings. E,xperimental data show that even rela.tively 
minor m.odifi cations to faa. ial©t con f if ur at ions e,an create 
signif ican,t losses in volum:etric capacities [1'9] » 

The high flow rates through the cooking section were 
likely responsible fo^r the accimul,ation of solids observed at . 
the screens of the cool,ing section di|ring the Gompli.an,ce s^ampling 
program ,., According to Archibald '[15] this was the- first time' that 
.screens in the dryer cooling section, had to be cleaned during the 
dryin..g season „■, 
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€, Evaluation of Dryer Ef f iciency- ''" ■ . -, . ' ''~ 

Dryer efficiencies can be evaluated in several dif- - 
feient ways dependiiif on the vieTOO'int to the emphasized. Ac- 
cording to O'tten [,13] there are three drying . efficiencies that 
are encountered in the grain drying business, ^ 

1, Fuel or Thermal Efficiency [13] 

The fuel or thermal efficiency is used primarily for 
advertising purposes because it provides higher values by 
nfiflecting the electrical energy used to drive fans, netering 
rolls and any associated pollution control equipment.. Fuel or 
thermal efficiencies are calculated from, the relationship 

'TEI = M ^ X 100% '■ ^ {1|. 

-fuel 

"using ,hig,h ambient temperatures and high initial grain moisture 

con tents - 

where ^ ■■ ■ ■ . 

TE' - fuel or therin,al efficiency 

W = . average ,rate O'f water removal,,, lb H,^0/hr 

m d 

X ~ average, latent heat of vaporizatio,n of water,, B^tu/.lb ^ 
E^, ^ ^^ = fuel energy cons,uiTi,ption rate, 3tu/h.r 

» 

Because the data in Table 10 sho^w that the total 
electrical energy requir'ements neve,r exceeded 3.5%. of the total 
energy consiaiiption , the fuel or t,hernal efficiencies would not 
be significantly higher than, the overall energy -efficiencies which 
are based on total energy utilization. 



^ ' m 

2,. Overall Einergy Efficiency [13] 

-The grain, dryer operatO'r is Irxterested in the overall 
performance of a unit in terms of the overall energy efficiency 
defined by the expression 



QE m : "^^' X 100% " - '" ' ■'- (|) 

^tDtal 



where - . - 

OE = o¥erall energy efficiency 

W = average rate o"f water removal , lb H 0/hr ^ 

\ m. average latent heat of vaporization of water .i B.tu,/lb 

E ^ , - total energy consumption rate,, Btu/hr ■ - 

The averaf a .rate of water removal i;,W, is, evaluated 
fr^^ ■ -'• ■ • , , - •.■''*"•■■■■ 






assuin,iiig that dry matter losi during dryinf is aefligibae, 

where 

B/O = volumetric flow rate of dried' gr.ai,n , bu/hr 

TW = dis charge test weight of dried, grain, lb^/bi| 

X. » initial gra,in moisture conte,n,t, % by- weight, 

■" ■„' \ K^_ = final grain m,oisture oontent, I by weight 
'* " r 

The "ACE" Model 2165-D dryer is essentially a cross- 
;i-ow unit. ' Consequently, there will be significant te,mperature 
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variations from .top tO' 'bO'ttom .aii,d from the ■■warfn air plenum side ' 
to the exhaust air hO'Using side of each grain cod-x-nn , Because it 
would be extremely difficult to dete,nnine values of the latent 
heat O'f vapo^rization or' water cO'rre.sponding to different pc^sitions 
in a grain colwim, it is reasonable to use an average value. Pre- 
vious investigators [13, '20] have assumed X = 13 C3tu) / (Ib^K^^O' 
evapor'ated) as a representative value for -the overall vap.oriEation 
process. 

,An ex^aiiination of Table 10' shows that the total electri- 
cal energy demand varied from 3i Q% to 3.5% of the total energy 
utilization. On this basis it is apparent that electrical energy 
requireinents represent ^ a minimal fractio-n of corn drying costs. 
The gas consumption per bushel, O'f dried corn averaged 2 0.02 ft 
which traii,Blated into a drying cost of 5. 2 '^/bushel based on a- 
natural gas cost of $2.6 0/100 ft^. 

The data in Table 12 show that the total energy needed 

to remove 1 lb_ of -water from the corri varied from 1,933 to 2,33 9' 
in 

Btu. Overall energy efficiencies with, no drying air recycling 
ranged from, ,55,, 6 to 67,. 3%. 

In practice, the overall d„ryer efficie„ncy is expected 
to depand on '■ ' *' ^ ■ 

ii the inlet grain temperature 
,ii. the ambde,n„t air icemperature 
ili. the moisture conte,nt Q,f the i,n,let grain 
,1^1, the moisture conte,nt of the dried grain 
w, the recirculation rate of drying air 
,' vi. the ratio of cooling air flow^ v/hich passes 

thrQugh the grain coluitm from the cooling air 
„p,lenu,m, toi that fed directly to the fan 
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vii. the drying air temperature in the warm air plenum 
viii. the amount of insulation' provided an the dryer 
walls 
ix, „ the frequencies and durations: 0:f dryer shutdO'wns 
due to equipment failure, dryer maintenance, etc. 
x. the a-'/ai lability or grain during the drying period. 

During this study ^ parameters v, vi, vii andi vili were essentially 
coa-staiit during each test. Lower ambient air and corn temperatures 
can be co^rrelated to decreased O'Verall drying ef f iciencies ^ howmwmt f, 
the a^'/ailable data are insufficient to provide' definite conclusions 
with: respect to these variables and. the initial and final corn 
moisture levels. 

3. Thermodynainic Drying Efficiency [13] 

Drying can be achieved at .any location in the grain 
colmiins as long 'as the air paBisinf through the material beinf 
dried is not saturated with water vapor at the aoliMn temperaturfe. 
For ra,.axiJiittm' profit,, dryer^s should be designed to provide optimal 
air-grain contact, so that the drying air attains essentially 
10' 0% relatiirer.humiddty locally - 

By definition, the thermQdyn..ajiiic drying- efficiency 
,rep,resents the ratio of the actual rate of water reinoval tO' 
the ;m,aximum drying rate attainable if the air left the d,ry'er in 
a s^aturated: state at the operating conditions. Mathematically 
it is eKpressed by ■ ' 

DE = , ,J^ .... \ X 10^01 ". ^ ' a.} 

' S 1 



• . "^ . ■• , ' , '- . i. ' ' '" ^ 

where - . ' „ ' " • " 

DE = thermodynamic drying efficiency ^ ,.'" ^ - " 

W = average rate of water removal; Ib^K,^, 0/hr _. , 
A = average mass flow rate of drying air,^ Ib^ dry air/hr 
H. = absolute humidity of inlet drying air, Ib^H^O'/lb^ dry air 

H = abso'lute humidity of dr\'inq air at saturation , 
s - . ■' , _ ■ ,„ 

lb_H,.0'/lb^ dry air. 

The absolute humidity of the inlet drying air, ,H^ , is 
aetermined from the absolute humidity of the ambient air and the 
amount of water produced by the combustion of the natural gas. 
The compositio.n O'f the natur^al gas supplied to the Kewbury, 
Ontario region is tabulated in Appendix Illi 

It is not as easy to provide a precise value for K , 
the absO'lute hum,idity of the drying air at saturation , for the 
dryer under investigation because the magnitude will depend on 
the temperature used to define saturation conditions. Although 
temperatures were measured on the exhaust side of one grain column 
at 10, 30 and 50 foot distances from the top of the column, it is 
difficult to estim,a,te an appropriate^ temperature for calculation 

purposes , ' ^ ,, 

The locations of the "Rotovae" filter modules create 
such complex gas flow patterns inside the dryer exhaust housing 
that the prediction of a representative temperature would be 
very difficult without extensive experimental meaaurement of 
drver temperatures in the exhaust housing. Consequently, the 
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dryirig efficiencies, D'fi , have been e"¥aluated for saturation con- 
ditioiis deterniined by the average temperatures reco^rded by the 
sensor located 3 feet from, the top of the coluiTin. This location 
appears to best approxijnate the temperature of the gases entering 
the exhaust housing from the grain cQluinn. 

Table 13 lists the thermodynamic drying efficiencies 
for the 3 compliance tests on the basis of negligible gas leakage 
through the blanked exhaust lo^uvres of the "Rotovac" air filters, 
but including the gas volumes passed through the high efficiency 
cyclonefi. 

■*■ ■■ , * 

D , Behlen "Rotovac" System Perf 0'.rm,aii.ce ^ 

Table 14 can. be used to evaluate the particulate col- 
lection efficiency of the Behlen "Rotovac"' control system if it 
is asS'Uin.ed that the high efficiency cyclones assO'Ciated with the 
.filter screens operate at essentially 10iO!% efficiency. 

The cyclone catch rate was detennined by weighing the 
eollected solids at the end of each complian,ce test. This was 
accomplished, by emptying the cyclone bin into a duinp truck which 
wms lo'cated below in the wet grain receiving area*- During windy 
periods this transfer process could lead to excessive losses of 
s-olids if the doors to the receiving area were^ noit elosed,. Such' 
undesirable conditions were experience'd at the end of the first 
2 .com;pliance tests (tests 1 and 2 and tests 3 and 4) . Minimal 
losses oC'Cu.rred at the end of the last ■compliance test (tests 3 
and 6) when the tr'an^sfer. from the cyclone, bins tO' the truck was 
coniucted with the -doors to the receiving area closed. 
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- ■ to examination of Table 14 shows that without the 
Bahlen "'BO'tovac" system, un control led emissions from the dryer 
would be about lOd lb /hr or 148 lb /10'0 0'bu of dried corn. It 

; HI, m 

would appear that the particulate collection efficiency of the 
"RotO'Yac" system is of the o^rier of 98^%* 

Table IS s'unifi arises the three particle size distributions 
on a mass basis obtained, with an Andersen "'in~stack" inertial cas- 
cade imp actor type of classifier. It is import. ant to recognize 
-that there were virtually no solid particles in the subralcron 
range emitted from, the exhaust' louvres. ,Approximafcely 601 of the 
particulate matter exceeded a 10' micron diameter. This size dis- 
tribution was confintied by the relative amounts of m,aterial col- 
lected in the various conipon.#nts of the stack s. amp ling train. 
About 99% of the sample,! were fo'un,d in the nozzle, probe .and cyclone 
Insignifican,t weights were detected on the filter and virtually 
nothing reached the impingers. 

The prepon,d,er^an,ce of large particles, cor,responding to 
who,le and parts of ,beeswlngs ,, in, the emissions from the exhaust, 
lou,vres suggests leakage th,rough the seals around the "Rotova_c" - 
filter dr'mas.,. According to Chapm,an [21] the seals had to be 
adjusted during the compliance s amp ling prO'gr.am. 

■■,An ex am, in at ion of Ta„ble 16 shows that on,' the basis of 
wet and dry bulb temperature m,easu,reiTi,ents the gases leaving' the 
Behlen "lotovac" m,odulas are not sa'turated (i.e. relative humid- 

a 

ity is less than 10' 01%) with wa-ter vapo'r. This mean,s that there 
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'^ ' VII. CONCLUSIONS Al'ID RECQ^™END^TIO■NS 

.. ■ . -. 

'. *■ 

The results of th,is invastigation show- that the instal- 
lation of B^ehlen "lotovac" particulate: co-ntrQl e^qiiiprnent on aii 

■ * 

Ace 2165-D grain dryer reduced particulate emissicns to the 
atmosphere toi approxiiiately 3 lb particulate per lO'OiQ bu of 
dried; corn.. 

The overall energy efficiencies, OE ,, and theraodynamic 
drying efficiencies:^ DE i ranged from 56 to -67% for no recircu- 
lation of air from the exhaust housing to the fan inlet. Since 
this study showed that more than 95i of grain dryer energy costs 
are due to fuel consumption and more than 15 million dollars are 
spent annually in Ontario by the grain drying industry for heat- 
ing fuels it is recommended that a more comprehensive energy 
utilization study be conducted. 

The operation of a typical grain dryer can be raodelled 
from, basic principles tO' provide a .ni,e.ans of improving the design 
and operating conditions for opt,imization of energy efficiency. 
Since this study was primarily concerned with the evaluation of 
particulate emission rates- insufficient temperature and pressure 
drop tnstr'umentation were available for model validation. The 
recommended energy utilization study should include the determ- 
ination of the effect O'f 

i, the inlet and outlet grain temperatures 
ii., .. the ambient air temperature 
^' iii, the moisture contents of the inlet and dried 
grains' 
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;'"■:■■• ■■ ' 1i 

■->,.^^,. ,■ iv- the recirculation rate of drying air 

«. ;_, "' . . V, the ratiO' of cooling air flow,? which passe.s 

■-.',. X, •■ ■■■;-"■ through the grain; column from, the cooling 

air paenura,, to that fed direct If to the fan 
vi. the dxying air temperature in the warm, air 
plenum _. „ 

¥i4. the moisture content of inlet, recir'Cul.ated 
- '"' . y. ■ Mid exit air ,stre,aiiis ' ^ ■ . ' 

j ^ _' : ^iii. the amount and location of insulatioio p,rOivided 

' .^;. ■ ■' ..„, •■ '■ .; on the dryer wall,s 

ix. the effect of added particmlate ■ eo'ntro'l ©quipment 

o,n" dryer energv performance. 
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